In the previous study, the optimal performance of a two-dimensional (2D) floating breakwater shape was obtained. The performance of this shape was also confirmed with a model experiment in a towing tank. Moreover, the shape's performance in three dimensions (3D) was investigated in a subsequent study. However, to predict the shape's performance in a real application more accurately, the shape's characteristics in oblique waves must also be evaluated. In this study, the performance and characteristics of the model (hydrodynamic forces, body motions, wave elevations, and drift forces) are computed using a higher-order boundary element method (HOBEM). The HOBEM, which is based on the potential flow theory and uses quadratic representation for quadrilateral panels and velocity potentials, can be used to obtain more accurate results with fewer panels compared to the conventional panel method (CPM). The computational accuracy is confirmed by using Haskind-Newman and energy conservation relations. In this study, 3D wave effects were verified, and the body motions were much smaller compared to the 2D case. In addition, although the performance in terms of wave elevations depends on the measurement positions, the optimal performance obtained in the 2D case can be realized for a longer body length.
Introduction
High demand and the wide application of a floating type of breakwater has attracted the attention of many researchers. The main objectives of their research are increasing the performance of this type of breakwater, which is commonly measured by the number of incident waves transmitted by and reflected from the body.
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Therefore, the performance of several model shapes have been evaluated and tested numerically and/or experimentally such as the Y-shaped model [1] , pishaped model [2] , diamond-shaped model [3] , pontoon type model [4, 5] , cage-shaped model [6] , and many other shapes.
Not only the shapes but also the evaluation methods used in the performance evaluation are diverse. For example, Kashiwagi et al. applied the boundary element method (BEM) [7] , Rahman et al. implemented the volume of fluid method [8] , Koshizuka et al. used the moving particle semi-implicit method [9] , and Koo adopted a nonlinear numerical wave tank (NWT) technique [10] . Each method has advantages and disadvantages. The method implemented by Kashiwagi et al. is based only on linear theory but is practical to use with less computation time. The methods used by Rahman et al., Koshizuka et al., and Koo treated nonlinear phenomena but with higher computational costs.
In a study conducted by Mahmuddin and Kashiwagi, an optimization method called the genetic algorithm (GA) was adopted to obtain a two-dimensional (2D) model shape with optimal performance [11] . A real model was manufactured and tested in a towing tank at Osaka University, Japan, to verify the model's performance. Relatively good agreement can be obtained with some discrepancies in the natural frequencies of roll motion, especially when the body is free to respond to the incident wave. These discrepancies could be attributed to viscous damping, which is not considered in the potential flow theory framework.
In a subsequent study conducted by Kashiwagi and Mahmuddin, the performance of this model in the threedimensional (3D) case was also evaluated using a higher-order boundary element method (HOBEM) [12] . The influence of 3D wave effects on the body motions was small, and the free surface elevation was spatially three dimensional even near the middle of a longer body.
In those previous studies [11, 12] , the incident wave direction was defined to be perpendicular to the body. However, since in the ocean waves come from all directions, the characteristics and performance in oblique waves must be evaluated so that the performance in real applications can be predicted more comprehensively.
The performance of a floating breakwater model in oblique waves has also been investigated by several researchers. For example, Dalrymple et al. evaluated the performance of a floating breakwater for porous structures [13] , Cho et al. evaluated the performance of the flexible-membrane wave barrier [14] , while Wu et al.
and Zheng et al. examined floating rectangular structures [15, 16] .
In the present study, HOBEM will be used again to compute the characteristics and performance of the model for two incident wave angles. In the HOBEM, the body surface below the free surface is divided into many quadrilateral panels. Each panel on the body surface and the unknown velocity potentials on that panel are represented by 9-node quadratic Lagrangian elements.
Consequently, greater accuracy can be obtained using fewer panels compared to the conventional constant panel method (CPM). Using fewer panels in the computation shortens the computation time. Another advantage of the HOBEM is that the solid angle is computed numerically while it is assumed to be constant in the CPM.
However, in the HOBEM, dividing the body into panels is more difficult compared to the CPM. This is because in the HOBEM, two types of nodes must be used, local nodes and global nodes, while only global nodes are used in the CPM. In both methods, numerical accuracy can be confirmed with Haskind-Newman and energy conservation relations.
In this study, 3D wave effects are confirmed and understood by observing wave field plots. Moreover, small body motions compared to the corresponding 2D shape are also observed. Although the performance in terms of wave elevation especially wave transmission depends on the measurement positions, the optimal performance obtained in the 2D case can be realized for a longer body length.
Methods
Mathematical formulation. The present study is actually concerned with developing floating breakwaters that have arbitrary shapes and high performance in wave reflection. However, considering the current problem where the body shape is obtained by extruding a 2D model shape, the body shapes can be assumed to be symmetric in terms of the y-z plane but asymmetric in terms of the x-z plane. As a result, the coordinate system shown in Fig.1 is adopted.
The origin of the coordinate system is placed at the center of the body and on the undisturbed free surface, and the z-axis is taken positive vertically downward. The water depth is assumed to be infinite. The regular wave is considered to be incoming with incident angle β regarding the negative x -axis as shown in 
where 0 φ can be given explicitly as 
with g the acceleration of gravity, a ζ the amplitude of incident wave, and K the wave number given by
Furthermore, the disturbance potential φ can be decomposed in the following form:
where 7 φ denotes the scattering potential in the diffraction problem, and j φ is the radiation potential in the j-th mode of the body motion with complex amplitude j X . The six modes of motion considered in the present study are surge ( 1 j = ), sway ( The governing equation and the boundary conditions to be satisfied can be summarized as follows:
and an appropriate radiation condition of outgoing waves must be satisfied for
Here, H S denotes the body wetted surface and j n the j-th component of the normal vector, defined as positive when directing out of the body and into the fluid.
By using Green's theorem, the governing differential equations of this problem are turned into integral equations on the boundary. That boundary surface can be only the body surface H S by introducing the freesurface Green function, and the resulting integral equations can be written in the form
where ( ) C P is the solid angle,
is the field point, and
is the integration point on the body surface. ( ; ) G P Q is the free-surface Green function satisfying the linearized free-surface and radiation conditions, which can be expressed as
Here, 0 ( ) K kR denotes the second type of modified
Bessel function of the zero-th order and Higher-order boundary element method. For high accuracy, the integral equation shown above was numerically solved with HOBEM, described in Kashiwagi [17] . The body surface is discretized into many quadrilateral panels. According to the iso-parametric representation, the body surface and the unknown velocity potential on each panel are represented with 9-point quadratic shape functions
, ,
where ( , , ) k k k x y z are local coordinates at 9-nodal points on a panel under consideration, and likewise, k φ denotes the value of the velocity potential (which is to be determined) at the 9-nodal points of a panel.
The shape function in Eqs. (12) and (13) 
where index k denotes the local node number
, as shown in Figure 2 .
The normal vector on the body surface (each panel) can be computed with differentiation of the shape function as follows:
Through a series of substitutions, the boundary integral equations can be recast in a series of algebraic equations for the velocity potentials at nodal points consisting of panels. The results can be expressed in the form is also the serial number of nodal points associated with (to be computed from) the k-th local node within the nth panel. ( , ) J ξ η in Eqs. (17) and (18) denotes the Jacobian in the variable transformation. NT denotes the total number of nodal points, and thus, Eq. (16) The free-surface Green function, given by Eq. (11), can be computed efficiently by combining several expressions such as the power series, asymptotic expansions, and recursion formulae; the subroutine is available in Kashiwagi et al. [18] .
In actual numerical computations, a few additional field points are considered on the interior free surface of a floating body to remove the irregular frequencies. At these field points, the value of solid angle m C in Eq. (16) must be zero; this technique is adopted following the idea Haraguchi and Ohmatsu established for 2D problems [19] . The resultant over-constraint simultaneous equations are solved with the least-squares method.
Hydrodynamic forces. Once the velocity potentials on the body surface are determined, computing the hydrodynamic forces is straightforward. The results are written in the form
where ij F is the radiation force in the i-th direction due to the j-th mode of motion, and its real and imaginary (20) denotes the wave-exciting force. These quantities are expressed in terms of the origin of the coordinate system shown in Fig. 1 , and can be combined to obtain corresponding quantities expressed regarding the center of gravity, which will be used in establishing the motion equations.
The body motion equations regarding the center of gravity can be established in a matrix form as follows:
The superscript G represents the quantities linked to the center of gravity. M ij denotes the generalized mass matrix, ij δ is Kroenecker's delta, and
C is the restoring-force coefficients due to the static pressure. By solving these coupled motion equations, the complex motion amplitude 
where jkl ε denotes the alternating tensor for the outer product of the vectors and ( ) ( 1~3)
the ordinates of the center of gravity.
The numerical accuracy can be confirmed by checking the Haskind-Newman relation for the wave-exciting force and the energy-conservation relation for the damping coefficient. These relations are expressed as 
In terms of the Kochin function, the wave drift forces in the x-and y-axes proposed by Maruo [20] and the drift moment about the z-axis proposed by Newman [21] can be computed. The formulae for the first two components are written as 
where the velocity potentials due to disturbance by a floating body can be computed from
where ( , ,0) P x y = is a point on the free surface. In the HOBEM, these velocity potentials can be computed by using the shape function and the solutions of the velocity potentials at nodal points. The integrals in Eqs. (30) and (31) can be evaluated by summation over all panels, on which element computations can be done using the same scheme for the coefficients shown in Eqs. (17) and (18), with P placed on the free surface.
The present study is concerned with the transmission and reflection waves by a floating breakwater. The transmission wave is defined by the wave in the lee side, propagating in the same direction as that of the incident wave. However, the reflection wave must be defined as the wave on the weather side, propagating to the opposite direction. Thus, the incident-wave term 
Results and Discussion
Previous results. From a previous study [11] , a 2D shape that has the optimal performance was obtained.
The main criterion used for determining the performance of a model was the wave transmission amplitude. The smaller the wave transmission, the higher the performance was leveled.
The shape and dimensions of the 2D model in nondimensional form. The performance of the model in terms of wave transmission compared to a simple rectangular box performance is shown again in Fig. 4 for reference.
In Fig. 4 , a significant performance improvement can be seen in almost the entire frequency range except in the very long wavelength region. A larger body dimension is needed to improve this region. Please refer to Mahmuddin and Kashiwagi [11] for more discussion of this result.
Based on the 2D shape shown in Fig. 3 , a 3D model shape is constructed by extruding it in the longitudinal direction (along x-axis) as shown in Fig. 5 . The transverse section shape is the same as that in Fig. 3 In the computations, following the 2D analysis carried out previously, half of the maximum breadth (
is used for nondimensionalization. Moreover, in the previous studies [11, 12] , the incident angle β of a regular incoming wave is set equal to 90 β = − degrees so that the situation corresponds to the 2D case and the results for the body motions and the reflection and transmission wave coefficients can be compared with 2D results.
Performance in oblique waves. In the present study, two incident wave angles are investigated, β 1 =-112.5 and β 2 =-157.5, as illustrated in Fig. 6 . β 1 represents the case when the incident wave is the approaching beam wave, and β 2 represents the case when the incident wave is the approaching head wave.
For the sake of conciseness, only the computation results for the body motion amplitudes and the wave transmission coefficients for the free motions case are shown in the present study. In Fig. 8 , in the case of the incident wave as the approaching beam wave, the body motions' amplitude is similar in tendency and magnitude to those of the shorter body length, as shown in Fig. 8(a) , but have a significantly smaller amplitude for the longer body compared to the 2D case, as shown in Fig. 8(b) . The small body motion amplitudes is caused by a decrease in the wave-exciting forces especially for the sway, heave, and roll modes. These forces influence body motions more than the other modes because the body is elongated along the x-axis.
The body motion amplitudes for the second case are shown in Fig. 9 . From Fig. 9 , it can be seen that except for the heave motion, the magnitude and the tendency are different compared to the 2D case. In addition, in the β 2 case, the body motion amplitudes become smaller than the β 1 case for a longer body, as shown in Fig. 9 (b).
This is because the influential wave exciting forces (sway, heave, and roll) become smaller as in the previous case. They are even getting smaller as the incident wave the approaching head wave, which make the body motions even smaller as well. The performance in terms of the transmitted wave for the β 1 case can be plotted as follows. In Fig. 10 , the transmitted wave fluctuates for a shorter body case especially in the short wavelength region as shown in Fig. 10(a) . This happens because for a short body length, a significant amount of the incoming incident wave is transmitted to lee side. This is not true for the longer body dimension, as shown in Fig. 10(b) .
In addition, regular variations are observed in the shorter wavelength region for both results. These variations are caused by irregular frequencies. A method for removing these irregular frequencies has been implemented by placing additional points on the free surface as explained in the previous section, but this remedy is insufficient. However, the irregular frequencies are not a fatal problem in discussing the results because the mean line of the regular variations is the expected result. The computation results for β 2 case are shown in Fig. 11 .
From the results, it can observed that the transmission coefficients for the shorter body case are similar in magnitude and tendency except at y/b=-10 as shown in Fig. 11(a) . For a longer body, quite differently from the β 1 case, the tendency is similar, but the magnitude is larger compared to the β 1 case results. This is because To observe more closely, the wave field around the floating breakwater is also computed. Because of limited space, only the results for a longer body (L/B=20.0) are shown and discussed. Two wavelengths are computed: λ/B=3.0 to represent a relatively shorter wavelength and λ/B=6.0 to represent a longer wavelength.
The computation result for the shorter wavelength λ/B=3.0 for β 1 is plotted and shown in Fig. 12 . In Fig.   12 , the lee side is much calmer even though the body moves freely to respond to the incident wave. The optimal performance obtained in 2D can also be obtained for the 3D case when the body length is long enough.
For the longer wavelength λ/B=6.0, the result is shown in Fig. 13 . In Fig. 13 , only a small calm area is observed in the lee side while other areas has a larger amplitude. This is because the wavelength is relatively longer. This result is reasonable by considering the result shown in Fig. 4 where the transmission wave amplitude is relatively larger around wavelength λ/B=6.0.
The computation results for β 2 case are shown in Fig. 14(a) and (b). In these figures, the calmer area is much smaller compared to the result shown in Figs. 12 and 13 . This is because when the wave is the approaching head, more waves will be transmitted to the lee side of the body than in the previous case.
Moreover, the wave drift forces computed using Eq.
(26) are shown in Fig. 15 . The β 1 case computation result is shown in Fig. 15(a) , and the β 2 case result is shown in Fig. 15(b) . The computation result for the drift forces is useful information for mooring design.
Conclusions
From this study, several important points can be concluded. First, the 3D wave effects can be verified by comparing shorter and longer body computation results. In addition, the body motion amplitudes are smaller in oblique waves. Moreover, the performance of the model in oblique waves depends on the position of measurement, and the optimum performance in 2D case can also be realized in the 3D oblique wave case. In addition to those conclusions, drift forces was also computed and shown in the present study as information for mooring design.
